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Abstract
EuB5.99C0.01 is a low-carrier density ferromagnet that is believed to be intrinsically inhomogeneous due to fluctuations
of carbon content. In accordance with our previous studies, electric trasport of EuB5.99C0.01 close above temperature
of the bulk ferromagnetic (FM) ordering is governed by magnetic polarons. Carbon-rich regions are incompatible
with FM phase and therefore they act as spacers preventing magnetic polarons to link, to form FM clusters, and
eventually to percolate and establish a (homogoneous) bulk FM state in this compound, what consequently causes
additional (magneto)resistance increase. Below the temperature of the bulk FM ordering, carbon-rich regions give
rise to helimagnetic domains, which are responsible for an additional scattering term in the electrical resistivity.
Unfortunately, there has not been provided any direct evidence for magnetic phase separation in EuB5.99C0.01 yet. Here
reported results of electrical, heat capacity, Hall resistivity and small-angle neutron scattering studies bring evidence
for formation of mixed magnetic structure, and provide consistent support for the previously proposed scenario of the
magnetoresistance enhancement in EuB5.99C0.01.
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1. Introduction
EuB6 is a rare example of low carrier density hex-
aboride that orders ferromagnetically at low tempera-
tures via two consecutive phase transitions [1]. Physi-
cal properties of this system are thought to be governed
by magnetic polarons (MPs) [2, 3, 4, 5, 6]. As indi-
cated by Raman-scatteringmeasurements [2], MPs have
set in at about 30 K when cooling EuB6 from a higher
temperature. According to Su¨llow et al. [3], the mag-
netic phase transition at 15.5 K represents emergence
of spontaneous magnetization accompanied with metal-
lization. At this temperature MPs begin to overlap and
form a conducting, ferromagnetically ordered phase that
acts as a percolating, low-resistance path across the oth-
erwise poorly conducting sample [3, 6]. With decreas-
ing temperature the volume fraction of this conducting
∗E-mail: batkova@saske.sk; Fax: +421 55 6336292; Telephone:
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ferromagnetic (FM) phase expands until the sample be-
comes a homogeneous conducting bulk ferromagnet at
12.6 K [3].
High-pressure measurements indicate that the FM or-
der is driven by an RKKY interaction between the local-
ized Eu moments and the very dilute pocket of conduc-
tion electrons arising from a semi-metallic band overlap
[7]. Due to a very low number of intrinsic charge car-
riers, 1020 cm−3 [8], the system is very sensitive even
to a slight change in concentration of conduction elec-
trons, e. g. due to change in chemical composition
or in impurity concentration [9, 10]. A substitution
of boron by carbon in EuB6 increases number of con-
duction electrons in the conduction band of EuB6 [11],
thus EuB6−xCx carbide borides behave as degenerate
semiconductors, in which both, carrier concentration,
and antiferromagnetic interaction increase with increas-
ing carbon content [11]. As it was shown by neutron
diffraction studies, EuB6 behaves like a simple ferro-
magnet, whereas EuB5.80C0.20 has an incommensurate
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spiral structure [11, 12], and the magnetic structure of
intermediate EuB5.95C0.05 can be described as a mixture
of FM and helimagnetic (HM) domains [11, 12]. Ap-
pearance of the HM domains is associated with local
increase of carbon concentration in the material. Size
of these incoherent regions is estimated to be about
5 nm [12]. The presence of the HM domains formed in
carbon-rich regions due to distinct impact of the RKKY
interaction because of distinct carrier density [12] is be-
lieved to be responsible for an additional scattering term
in the electrical resistivity [13].
Electric, magnetic, and heat capacity studies of
EuB5.99C0.01 support the hypothesis that the dominant
scattering process in this material at temperatures be-
low the bulk magnetic transition, TC = 4.3 K [14], has
its origin in the mixed magnetic structure [13, 14, 15].
The anomalous transport properties of the EuB5.99C0.01
can be satisfactorily explained assuming the presence
of MPs [14]. It has been proposed that carbon-rich re-
gions act as spacers, which prohibit formation of a con-
ducting, ferromagnetically ordered path across the sam-
ple. As a consequence, the system persists in a poorly
conducting state down to lower temperatures. Due to
the extended temperature interval, in which the resis-
tivity increases upon cooling, an additional resistivity
increase is observed, resulting in the higher value of
the resistivity maximum. Such a scenario, assuming the
presence of MPs, allows also to explain why the resis-
tivity maximum of the EuB5.99C0.01 (≈ 390 µΩ.cm at
≈ 5 K) is larger than that of the stoichiometric EuB6
(≈ 350 µΩ.cm at 15 K), although the EuB5.99C0.01 is
about four times better conductor at room temperature,
having ρ(300K) ≈ 180 µΩ.cm, than the EuB6 with
ρ(300K) ≈ 730 µΩ.cm. An important consequence
of this scenario [14] is that it might show a route for
an optimization of magnetoresistive properties also in
other spatially inhomogeneous systems with magnetic
polarons or with FM phase in general [14]. Unfor-
tunately, there has not been provided any direct ev-
idence for magnetic phase separation in EuB5.99C0.01
yet. The purpose of this paper is to bring experimental
support for the presence of magnetic phase separation
phenomena in EuB5.99C0.01 based on performed Hall-
effect, heat-capacity, and small angle neutron scattering
(SANS) studies.
2. Material and Methods
All samples studied in this work were cut from the
same single crystal grown by means of the zone float-
ing used in our previous studies [13, 14, 15]. The re-
sistance, Hall resistance, heat capacity, and magnetisa-
tion were measured in Physical Property Measurement
System and Magnetic Property Measurement System
(Quantum Design, USA). SANS measurements were
carried out at the V4 instrument at Helmholtz-Zentrum
Berlin.
3. Results and Discussion
Hall resistivity (RH) and magnetization (M) mea-
surements were performed in the temperature range of
2 − 300 K and in magnetic fields up to 5 T. The tem-
perature dependences of RH , and 1/M measured at the
magnetic field of B = 5 T are shown in Fig.1.
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Figure 1: Temperature dependence of the Hall resistivity (RH) for
EuB5.99C0.01 measured at 5 T in the temperature range 2 - 300 K.
Inset shows the corresponding inverse magnetic susceptibility for the
same value of magnetic field.
Hall resistivity in magnetic conductors can be ex-
pressed as RH = R0 + 4πRSM/B, where R0 and RS are
the ordinary and anomalous Hall coefficients, respec-
tively [16]. Therefore, R0 and RS can be adequately
determined when combining both, the Hall resistivity
and magnetization data. Our analysis shows that nei-
ther RS nor R0 changes with temperature in the tem-
perature range of 80 − 300 K (see Fig. 2a). However,
RS was found to change significantly at lower tempera-
tures, especially around the temperature of the FM or-
dering, TC = 4.3 K [13], where it exhibits an extremum
as typically observed in magnetic materials. Compar-
ison of RS (T ) to the ρ(T ) dependence (see Fig. 2) re-
veals that processes governing electric transport in re-
gion of the resistivity maximum are adequately sensed
in the anomalous term of the Hall resistivity. On the
other hand, there is only weak change of R0 in the
whole temperature range. The value of R0 at room tem-
perature corresponds to the electron concentration of
2
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Figure 2: Temperature dependences of a) RS and R0, and b) the elec-
trical resistivity of EuB5.99C0.01 .
3.3x1020 cm−3, which is approximately 3-times greater
than 1.2x1020 cm−3 reported for the stoichiometric
EuB6 [8]. Such a temperature dependence of R0 co-
incides with our expectations. As showed in our pre-
vious studies of optical reflectivity of EuB5.99C0.01 [13]
the plasma edge frequency value, ωp = (ne
2/ǫ0me)
1/2
(here n is the electron concentration, e is the electron
charge, ǫ0 is the vacuum permitivity, and me is the elec-
tron mass) has been found to be almost constant be-
tween 4.5 and 30 K [13]. The finding infers that the
electron concentration n does not change substantially
in the whole temperature range studied [13]. Thus, the
Hall resistivity data obtained in this work bring an in-
dependent proof that strong temperature dependence of
the electrical resistivity of EuB5.99C0.01 in the vicinity
and close above the temperature of the bulk FM order-
ing (see Fig.2b) is not a consequence of changes in elec-
tron concentration, but it is a result of scattering pro-
cesses, presumably due to magnetic phase separation.
Heat capacity, Cp, of EuB5.99C0.01 and the isostruc-
tural non-magnetic compound LaB6 was measured in
the temperature range 0.35 − 20 K. The phonon con-
tribution, Cph, for EuB5.99C0.01 was estimated from the
heat capacity of LaB6. As can be seen in Fig. 3, the
(Cp − Cph)/T dependence of the studied system shows
a broadened continuous decrease in the temperature re-
gion between 5 and 15 K, i.e. above the temperature
of the bulk ferromagnetic ordering. This decrease can
be ascribed to a short range magnetic ordering. A clear
evidence of the FM order appears as local maximum
in the (Cp − Cph)/T curve at 4.3 K. It is remarkable
that (Cp − Cph)/T goes through a knee around 2.5 K,
implyimg the crystal electric field splitting of energy
levels of the Eu2+ ions. (Cp − Cph)/T drops rapidly
with further decreasing temperature, but finally attains
a rather huge (Cp − Cph)/T value of 0.5 Jmol
−1K−2
at 0.35 K. Due to the nearby FM order transition, this
value cannot be taken as an electronic specific heat co-
efficient. However, as temperature approaches 20 K,
(Cp−Cph)/T dependence becomes constant, which thus
represents the electronic specific heat only. Thus, for
purposes of our analysis we have estimated the coeffi-
cient γ to be the value (Cp−Cph)/T at 20 K (see Fig. 3).
Such estimation yields a γ value of 0.1 Jmol−1K−2. In
combination with the low charge-carrier concentration
n  3.3x1020 cm−3, the enhanced electronic specific
heat could be associated either with (i) an anomalously
large effective mass of the electrons ∝190 me (like in
heavy fermions) or (ii) a strong disorder of the system.
Because of the nature of the system and according to
SANS measurements discussed below we prefer the lat-
ter case.
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Figure 3: Temperature dependence of (Cp - Cph)/T of EuB5.99C0.01
in the temperature region from 0.35 to 20 K. Inset shows calculated
temperature dependence of the magnetic entropy Sm .
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Magnetic contribution to the heat capacity, Cm, is
assumed to be Cm = Cp − Cph − γT . The temper-
ature dependence of the magnetic entropy, Sm(T ) =∫ 20K
0
Cm(T )
T
dT , was calculated and shown in the inset
of Fig. 3. As can be seen the magnetic entropy of the
EuB5.99C0.01 at 20 K reaches about 2.7 Rln2, which is
comparable to the theoretical entropy of the magnetic
ordering of Eu 2+ ions. A similar reduction in Sm was
observed also for the stoichiometric EuB6 [3] .
Small-angle neutron scattering (SANS) experiments
were performed at temperatures between 2 and 30 K
with the aim to provide direct evidence for presence of
magnetic phase separation in the temperature range of
2 - 7 K. Considering the physical state at 30 K as a ref-
erence paramagnetic state without magnetic phase sep-
aration [2] we focused on evolution of magnetic state
in the mentioned temperature interval. The SANS mea-
surements were performed for scattering vectors Q from
the interval of 0.3 − 3.4 nm−1. Supposing the simplest
case of scattering due to spherical objects, such interval
enables to detect objects having size/diameter between
1.8 and 20 nm. Here should be noted that our earlier
size estimation of the ”spacers” in EuB5.99C0.01 has pro-
vided the value 2.9 nm [15].
The usual way for the interpretation of the scattered
neutron intensity I(Q) would be: (1) correction of the
data for experimental parameters like sample transmis-
sion, background scattering and local detector efficien-
cies, and then (2) calculation of a particle size distri-
bution, the scattering of which would produce just this
corrected scattered neutron intensity. The structural
changes in the sample as a function of the varied exper-
imental parameter (in this case the temperature) would
then become directly obviouswhen the different particle
size distributions are compared. However, the studied
sample was prepared from natural boron, which con-
tains approximately 20% of highly neutron-absorptive
isotope of 10B. This lead to an extremely low neutron
transmission of the sample of less than 1%. As a con-
sequence, the intensity scattered from the sample itself
was so low and noisy that it was not possible to per-
form the usual data correction procedure to separate the
actual sample scattering from the background contribu-
tions. We even noticed that the scattered intensity was
sensitive to very small displacements of the unit of sam-
ple holder plus sample in the beam, indicating that the
scattering contribution from the sample holder was even
higher than the contribution from the sample. There-
fore, we chose the following alternative way to conduct
and interpret the experiment:
Measurements at all temperatures were done with-
out moving the sample inbetween. Since no separate
background scattering could be measured, all scatter-
ing intensities remain a mixture of sample and back-
ground scattering. This means that no calculation of
explicit size disributions is possible, and only quali-
tative interpretation can be done directly on the scat-
tering curves. These interpretations are based on the
fact that particles with a diameter d produce a scat-
tering contribution in the range order of Q  2π/d.
From the known properties of the used cryomagnet we
could assume that the background contribution would
not change within the investigated temperature range.
To eliminate the very large contribution of the back-
ground, we considered the relative change of the inten-
sities (I(Q)|T − I(Q)|30 K)/I(Q)|30 K. Since we know that
at T = 30 K none of the expected scattering objects
should be present, this relative comparision of the scat-
tering at a temperature T and at the reference tempera-
ture T = 30 K will extract the very small intensity con-
tribution added by those objects. To reduce the noise
further, we divided the investigated Q range into only
6 intervals, so that each interval was an average over
approximately 9 detector cells. This of course signifi-
cantly reduces the Q resolution and therefore the sensi-
tivity of the experiment to small changes in the num-
ber and size of the scattering objects. However, this
approach is sufficient to detect the qualitative results,
that are discussed in the following. This way averaged
(I(Q)|T − I(Q)|30 K)/I(Q)|30 K dependences for tempera-
tures 2 K, 4 K, 6 K, and 7 K are shown in Fig. 4.
As can be seen in Fig. 4, temperature changes in
the vicinity of the temperature of the resistivity max-
imum (≈6 K) reveal clear evolution in the (I(Q)|T −
I(Q)|30 K)/I(Q)|30 K dependences, which can be ex-
plained taking into account differences between the
EuB5.99C0.01 and the EuB6 [14]. Let us summarize the
most essential differences here. (i) While the param-
agnetic state in EuB6 is homogeneous, the paramag-
netic state in EuB5.99C0.01 is inhomogeneous, contain-
ing regions of increased carbon content that are char-
acterized by correspondingly higher electrical conduc-
tance in comparison to the remaining matrix [14]. (ii)
The magnetic polaron phase in EuB6 can be treated
as a two-component system consisting of poorly con-
ductive paramagnetic matrix and highly conductive FM
phase represented by MPs [3], whereas this phase in
EuB5.99C0.01 has three components at least: less conduc-
tive regions with lower carbon content, highly conduc-
tive FM phase represented by MPs (formed in less con-
ductive regions with lower carbon content), and more
conductive carbon-rich domains. The latter, incompat-
ible with the existence of MPs due to too high charge
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Figure 4: Averaged (I(Q)|T − I(Q)|30 K)/I(Q)|30 K dependences cal-
culated from SANS data collected at temperatures 2 K, 4 K, 6 K, 7 K,
and 30 K (see text).
carrier concentration, play role of spacers that prevent
MPs to link and to form a highly conductive path across
the sample [6, 14]. (iii) Finally, magnetically ordered
state in EuB6 is a homogeneous ferromagnet [3], while
EuB5.99C0.01 can be treated as two-component system
consisting of FMmatrix and HM domains formed in the
carbon-rich regions [14]. Here should be mentioned that
the mixed magnetic phase of EuB5.99C0.01 is expected
to be a reason for anomalously high residual resistivity,
which at temperatures as low as 50 mK is even greater
than the room temperature resistivity [13].
Taking into account the picture of EuB5.99C0.01
sketched above and the electrical resistivity behaviour,
one could expect that fraction of FM phase in this com-
pound near above 7.5 K is still very small, such as
volume of this phase is still not sufficient to change
semiconducting behaviour of the ρ(T ) dependence
[d2ρ(T )/dT<0]. (7.5 K is the position of the inflection
point in the ρ(T ) dependence, as can be seen in Fig. 2b).
However, volume of the FM phase should rapidly in-
crease at lower temperatures approaching TM , and con-
sequently TC . Under this assumption, the (I(Q)|7 K −
I(Q)|30 K)/I(Q)|30 K dependence shown in Fig. 4 can
indicate that scattering at this temperature is a conse-
quence (i) of increasing the number of MPs and/or (ii)
HM domains that are formed in regions of higher car-
bon content (spacers) already at this temperature. Be-
cause of very similar diagram of scattered intensities at
4 K and 2 K, the latter case is prefered, and only mi-
nor amount of small FM-volumes (MPs) is believed to
contribute to neutron scattering at this temperature, pre-
dominantly at highest Q-values. As can be seen in the
Fig. 4, maximal relative change in the neutron scatter-
ing intensity in the temperature region between 30 K
and 7 K is observed for the interval of Q with the centre
slightly above 2 nm−1. This corresponds to neutron scat-
tering on spherical objects with diameter 3 nm. Such re-
sult is in excellent agreement with our earlier estimation
that dimension of the spacers should be around 2.9 nm
[15]. Temperature decrease to 6 K is expected to be ac-
companied by rapidly increasing proportion of the FM
phase, because the ρ(T ) dependence in the vicinity of
6 K clearly tends to reach maximum, which is believed
to be a consequence of formation, grow, and linking
of MPs. Indeed, such picture adequately explains the
rapid increase of scattering intensity in the whole in-
vestigated Q-range after cooling the sample from 7 K
to 6 K. Thus, the relative increase of neutron scattering
observed at 6 K, (I(Q)|6 K − I(Q)|30 K)/I(Q)|30 K depen-
dence, can be associated with volume increase of the
FM regions at cooling. Such conclusion moreover cor-
relates with the above discussed heat capacity studies
indicating high disorder of the system and presence of
short range ordering above the temperature of the bulk
FM ordering. The observed increase of scattering in-
tensities for highest Q (smallest particles) can be asso-
ciated with the fact that there were formed new MPs,
and/or manyMPs, which were too small to contribute to
5
neutron scattering at 7 K have grown in size enough to
be detectable at 6 K. Analogously, according to grow-
ing and linking of MPs with decreasing temperature,
the MPs detected at 7 K contribute to neutron scatter-
ing at highest values of Q than it is at 6 K. Further de-
crease of temperature causes further grow of volumes
filled with FM objects, which merge at the tempera-
ture of the bulk FM ordering, TC = 4.3 K [14]. It
is therefore naturally expected that scattering on indi-
vidual FM objects should almost vanish at 4 K, and
only objects non-compatible with FM ordering (HM
domains) should still contribute to scattering. Indeed,
comparison of (I(Q)|4 K − I(Q)|30 K)/I(Q)|30 K depen-
dence with that observed for 6 K and 7 K is in excellent
agreement with such a picture. Thus the neutron scat-
tering observed at 4 K is believed to be predominantly
associated with scattering on HM domains formed in
regions with higher carbon content. As evident from
Fig. 4, further cooling down to 2 K does not have any
significant impact on (I(Q)|T − I(Q)|30 K)/I(Q)|30 K de-
pendence. The observed minor changes can be a con-
sequence of minor redistribution of FM and HM phase
with decreasing temperature.
In summary, the obtained Hall resistivity data bring
direct proof that strong temperature dependence of the
electrical resistivity of EuB5.99C0.01 in the vicinity and
close above the temperature of the bulk FM ordering
(see Fig. 2b) is not a consequence of changes in elec-
tron concentration. As follows from indications for
short-rangemagnetic ordering of performed heat capac-
ity studies and evidence for formation/disapearance of
nanometer-sized ”objects” at temperatures above and
below the temperature of resistivity maximum as pro-
vided by SANS studies, such resistivity behaviour can
be adequately explained by disorder of material due
to magnetic phase separation. In this sense the above
presented results bring evidence about mixed magnetic
structure in EuB5.99C0.01 and provide another support
for our previous proposition that carbon rich regions
play role of ”spacers”, which are crucial in preventing
percolation of MPs and formation of the bulk FM state
[14]. Indeed, it seems that just spacers are responsi-
ble for high disorder, extremely high residual resistivity,
short-range magnetic ordering of the system above the
TC, and in general, they are the main reason for huge
differences in ρ(T ) behaviour between the EuB5.99C0.01
and the stoichiometric EuB6.
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